. Dendrite tip growth kinetics predicted by the GGAN model, i.e. Eq. (6), the simplified expressions based on KGT model (Refs. 14), 15)) and the present simplified expression based on GGAN model (Eq. (8)).
Introduction
Generally, the solidification morphologies of the alloys are controlled by several aspects such as the physical properties of an alloy, the nucleation parameters and the operation parameters, etc. In the previous work of the authors, 1, 2) the effects of the nucleation parameters (including the nucleation density, the nucleation undercooling in bulk and at surface), and the operation parameters (such as the initial concentration of an alloy, the cooling rate, the flow velocity, etc.) on the solidification morphologies are deeply analyzed. While it is observed in the experiments as well as in the simulations that although adopting the same nucleation parameters and the same operation parameters, the different solidification morphologies take on for varied alloy systems, that is, the physical properties of an alloy also play an important role on the solidification microstructure evolution. So, Tarshis et al. 3) proposed the concept of constitutional supercooling parameter, PϭmC 0 (k S/L Ϫ1)/k S/L , and considered the effects of P on the growth restriction of the dendrites. Spittle and Sadli 4) explained their experimental work in terms of P on the inoculated binary alloy melt within a wide range of solute types and amounts and found the grain size is related closely to parameter P. Corresponding to the maximum solutal undercooling, P characterizes the largest growth restriction for a given concentration. Afterwards, Maxwell and Hellawell 5) proposed the growth restriction parameter QϭmC 0 (k S/L Ϫ1) which takes an inversely proportional effect on the growth kinetics. Greer et al. 6) interpreted Spittle and Sadli 4) 's experimental data on grain size in terms of Q and suggested that Q is a better parameter than P for quantifying the degree of growth restriction at a small undercooling. Hodaj and Durand 7) also introduced a new growth-restriction parameter as UϭQ/D L .
In this paper, the evolutions of the solidification morphologies of Al-Si and Al-Cu binary alloys are modeled by the Finite Difference (FD)-Cellular Automaton (CA) model. Considering the key effects of the dendrite tip growth kinetics on the consequent solidification morphologies, the influences of the related physical properties on grain growth procedure and the Columnar to Equiaxed Transition (CET) of Al-Si and Al-Cu alloys are mainly analyzed and the empirical relations of the growth rate and the equiaxed ratio versus these parameters are deduced. The Gibbs-Thomson coefficient besides the growth restriction parameter mentioned in the above literature is proposed for its obvious effects on the grain growth.
Model Description

Heat Transfer
An unsteady two dimensional heat transfer combined with the solute redistribution at solid/liquid (S/L) interface 8) during Al-Si and Al-Cu alloy solidification processes is considered. The temperature T nϩ1 , solid fraction f S,nϩ1 and concentration C nϩ1 can be determined by iterative solution August 20, 2010 ) The solidification microstructure evolution and the Columnar to Equiaxed Transition (CET) during Al-Si and Al-Cu binary alloy solidification processes are analyzed by the help of Cellular Automaton-Finite Difference (CA-FD) model. The effects of the physical properties, except the effects of the nucleation parameters and the operation parameters, on the cooling curves, the dendrite growth, the solidification morphologies and the CET of the Al-Si and Al-Cu binary alloys are emphatically discussed. Results show that the solidification morphologies are internally influenced by the physical properties related to the dendrite tip growth kinetics. 
Restrictions of Physical Properties on Solidification Microstructures of Al-based Binary Alloys by Cellular Automaton
Nucleation and Growth
The CA model of Gandin and Rappaz 9) is adopted to predict the nucleation and grain growth during the solidification procedure. Both the locations and the crystallographic orientations of the new nucleus are chosen randomly. The heterogeneous nucleation distribution is described by two types of Gaussian distributions at the mold wall (the maximum nucleation density, n S *, the maxium undercooling, DT S , and the standard deviation, DT S,s , of the nucleation distribution) and in the bulk of liquid (n V *, DT V , DT V ,s ), respectively. The grain growth is described by the decentred square growth algorithm. 9) In the algorithm, each solid cell grows in a square shape with a growth length and a virtual growth center. Once the neighbor cell of the solid grain is entrapped and is chosen to grow up, it inherits the growth length from its parent cell and truncates to avoid overgrowth according to a certain rule. After all the neighbors of the solid grain become solid, it stops growth.
Dendrite Tip Growth Kinetics
For most metallic alloys, the contributions of the thermal diffusion and the kinetics on the local undercooling are small and can be omitted, so the dendrite tip growth kinetics is a function of the constitutional and curvature undercooling, which can be described by GGAN model and KGT model.
GGAN Model Considering Constitutional and Cur-
vature Undercooling Assuming the total undercooling DT at the dendrite tip is the contributions of the solute diffusion, DT c , and S/L interface curvature, DT r , as given by Gandin et al. Applying the marginal stability criterion 11) with ignoring the effect of the thermal gradients on each side of the S/L interface, 12) dendrite tip radius r is written as a function of growth Peclet number P v , ....... (4) where C* is the liquid concentration at S/L interface, Given the local undercooling, DT, the dendrite tip growth rate can be obtained by iterative solution of Eqs. (1)- (5).
2)
The dendrite tip growth rates predicted by the GGAN model are illustrated as the solid lines in Fig. 1 .
KGT Model
Another dendrite tip growth kinetics model, called KGT model, 13) only considers the contribution of the solute diffusion to the total undercooling. The relation between the dendrite tip growth rate and the undercooling DT can also be obtained by the solution of Eqs. (1)- (5) while omitting the curvature undercooling, i.e. DT r ϭ2G/rϭ0, in Eq. (1).
Simplified Expressions Base on KGT Model
As shown in the above models, the dendrite tip growth kinetics is dependent on the local undercooling and some physical properties. The simplified growth kinetics expression follows this idea and expresses v tip as a certain function, e.g. power or polynomial expression, of the local undercooling with keeping consistent with the dendrite tip growth kinetics model. The one adopted here writes v tip as a direct proportion to the power of the local undercooling. The proportional constant, i.e. the combination of some physical properties, varies corresponding to the concentration and the kinds of alloys.
The simplified expressions based on KGT model for Al-Si alloys come from the best fitting of the KGT model. The dendrite tip growth rates predicted by the simplified expressions based on KGT model are illustrated as the dotted lines in Fig. 1 . The contributions of the physical properties to the values of these coefficients are discussed in Sec. 3.2.
Results and Discussion
The solidification evolution of Al-Si and Al-Cu binary alloy ingot with configuration 0.03 mϫ0.03 m is modeled
by CA-FD coupling model. The related physical properties for Al-3mass%Si and Al-3mass%Cu alloy are shown in Tables 1 and 2 , others can be found in Ref. 1) . A seen, the latent heat of the solidification is regarded as the functions of the solute concentration in order to fit with Kobayashi's model. 8) The cooling rate in intermediate position Ṫ is set as 0.7, 2.3 and 5.0 K/s. The heat transfer coefficient h corresponding to each alloy and Ṫ is obtained beforehand through several attempts. Since this work mainly discusses the influences of the physical properties on the solidification morphologies, most of the nucleation parameters are fixed, such as n V *ϭ200ϫ10 4 m Ϫ2 , DT S ϭ1 K, DT S,s ϭ0.1 K, and DT V,s ϭ 0.1 K, except the nucleation undercooling in the bulk of liquid DT V and the nucleation density at the surface n S *. The former one is changed for the determination of the critical range for the CET, and the latter one is determined by the primary arm spacing, i.e. n S *ϭ1/l 1 , which is related to the cooling rate at the surface, as seen in Table 1 .
The heat transfer equation combined with microsegregation model and energy balance is adopted to obtain the temperature field. The temperature is then interpolated into CA cells. The Gaussian distribution is adopted for the nucleation procedure, the GGAN model for predicting the dendrite tip growth rate of Al-Si and Al-Cu alloys and the decentred square growth algorithm are used for the grain growth procedure.
Physical Properties Influencing Heat Transfer
Heat transfer is the basic stage for the solidification and evolution of the morphologies. Figure 2 plots the cooling curves for Al-3mass%Si and Al-3mass%Cu alloy in the same cooling rate in intermediate position Ṫ. The curves show the same tendency that the slope of the curve becomes smaller temporarily due to the appearance of the primary phase and the eutectic phase. After the completion of the solidification, the slope returns to the original state. Here the cooling rates at the three positions (intermediate, center and surface) are defined by the ratio of the temperature decrease to the solidification time.
With different solute in Al melt, the solidification interval is different due to their different slope of the liquidus and different eutectic temperature. As illustrated in the cooling curves in Fig. 2 , since the slope of the liquidus for Al-3mass%Si alloy is larger than that for Al-3mass%Cu alloy, with the same solute concentration, the liquidus temperature for Al-3mass%Si alloy is lower. And the eutectic temperature of Al-3mass%Si alloy (577°C) is higher than that of Al-3mass%Cu alloy (548°C). So the solidification interval, resulting from both the decrease of the temperature and the solidification time, for Al-3mass%Si alloy (about 66 K and 90 s) is smaller than that for Al-3mass% Cu alloy (about 102 K and 150 s) corresponding to cooling rate Ṫϭ0.7 K/s.
The differences on cooling curves are also due to the other physical properties of Al-3mass%Si and Al3mass%Cu alloy relating to the heat transfer process. The larger specific heat, the larger thermal conductivity and the smaller latent heat for Al-3mass%Cu alloy result in the faster heat transfer rate, as illustrated in Fig. 2 , the cooling curves at center, intermediate and surface of the ingot become close to each other.
Physical Properties Influencing Grain Growth
It is inclined to nucleate in the undercooled melt, and then the nuclei begin to grow up with a certain growth rate during the solidification process.
There are several physical properties related to the dendrite tip growth kinetics such as the partition ratio k 
Ϫ1)
dominates the change of v tip , the value of dendrite tip growth rate under a certain undercooling is ordered as Al3mass%CuϾAl-3mass%SiϾAl-5mass%SiϾAl-7mass%Si alloy, as presented in Fig. 1 .
Considering the dendrite tip growth kinetics expression by GGAN model in Eq. (6), the variance of v tip with the physical properties in Fig. 3 , the growth restriction parameters in Refs. 3), 5), 7), as well as the equation (7) which is derived from Eq. (15) 
...(8d)
The simplified expression based on GGAN model (Eq. Figure 1 compares the dendrite tip growth kinetics by the GGAN model, the simplified expressions base on KGT model and the present simplified expression based on GGAN model. The deviation in the faster evolution region of the dendrite tip growth rate in Fig. 1 is just due to the simple power function style based on the GGAN model. The GGAN model considers only the contribution of mass transfer as the same as the KGT model. As illustrated, the results by the present simplified expression based on GGAN model fit well with the GGAN model where the local undercooling is less than 6 K. This range is the most common case in actual solidification process of Al alloys, since the Al alloys always include much contamination which can be regarded as the heterogeneous nucleants 1) and consequently decreases the local undercooling for dendrite growth. There is some difference for Al-Cu alloy between the growth rate predicted by the present simplified expression based on GGAN model and by the GGAN model where the undercooling is greater than 6 K, although it shows a good agreement with the curves for Al-Si alloy, It indicates that for the faster evolution of the dendrite tip growth rate with the undercooling under the larger underccolings, the present empirical expression with the unique value of power for undercooling is not enough and we might have to adopt the polynomial expression instead. However, the present simplified expression based on GGAN model is a good and quick evaluation of the growth kinetics for Al-Si and Al-Cu binary alloy and in the case of Al-Si alloy, it shows even better fitness with the curves by GGAN model than the simplified expressions based on KGT model.
CET and Equiaxed Ratio
The solidification morphologies for Al-Si and Al-Cu alloy under different concentration, cooling rate and nucleation undercoolings are shown in Fig. 4 . The CET can be evaluated through the solidification morphologies. As seen, with faster dendrite tip growth rate, Al-Cu alloy requires a much smaller critical range of nucleation undercoolings for the CET compared with Al-Si alloy. For the case of smaller concentration in Al-Si alloy, it's the same. Since the transi- tion from fully columnar growth (fully C) to mixed columnar/equiaxed growth (CϩE) under Ṫϭ0.7 K/s for Al3mass%Cu alloy and Al-3mass%Si alloy occurs at the nucleation undercooling between 3-4 K and 4-5 K, respectively, and the transition from CϩE to fully equiaxed growth (fully E) occurs at the nucleation undercooling between 2-3 K, the solidification morphologies at the nucleation undercooling DT V ϭ3 K are chosen as the typical case for further discussion. The CET is also predicted by Hunt's model 17) for Al-3mass%Si and Al-3mass%Cu alloy with cooling rate Ṫϭ0.7 K/s and nucleation undercooling DT V ϭ3 K. The small cooling rate (Ṫϭ0.7 K/s) holds the Hunt's assumptions of a steady-state regime. The comparison of the results with those by the present CA-FD model is shown in Fig. 5 . As shown, the predicted temperature gradientisotherm velocity curves is denoted by different symbols to show the CET. An agreement is obtained between the predicted CET position by the present CA-FD model and that by Hunt's model, which verifies the CA-FD model.
The equiaxed ratio, r Equiaxed , is evaluated on the solidification morphologies with the help of grain size analysis software WINROOF. It is the ratio of the equiaxed area (hole area in WINROOF) to the area of the total region. The values are labeled below the corresponding morphologies in the case of DT V ϭ3 K in Fig. 4 .
The solidification morphologies and the CET are internally determined by the dendrite tip growth rate, which is dependent on the physical properties of the alloys as indicated in Eq. (8) . Thus the evolution of the solidification microstructure is directly affected by the physical properties of the alloys. 
Conclusions
Besides the nucleation parameters and the operation parameters, the solidification morphologies are internally affected by the thermophysical properties of the alloys. The results through the modeling of the solidification morphologies of Al-Si alloy and Al-Cu alloy are as follows:
(1) The solidification interval is determined by the decrease of the temperature and the solidification time. For Al-based binary alloys, the larger slope of the liquidus and the higher eutectic temperature result in the smaller solidification interval as the case of Al-3mass%Si alloy compared with that of Al-3mass%Cu alloy. 
